1. Introduction {#sec1}
===============

Aging-related cognitive impairments have become the common health threats to the elderly population. The aging-related cognitive decline includes age-associated memory impairment (AAMI), mild cognitive impairment (MCI) and senile dementia (known as Alzheimer\'s disease, AD). MCI, a cognitive state intermediate between normal cognitive aging and dementia, is associated with increased risk for AD[@bib1]. Clinical studies suggest that individuals with MCI may progress to AD at a rate of 10%--15% per year[@bib2]. Although accumulated evidence shows that early interventions may prevent the progression of MCI to AD in aging, there are no effective therapeutic approaches for the cognitive impairments so far.

Gut microbiota, comprising more than trillions of bacteria, contribute to basic physiological processes and alter the host\'s susceptibility to diseases[@bib3], [@bib4]. Recent studies show that AD histological and behavioral manifestations are correlated with gut microbiome dysbiosis, and the potential prevention of probiotics against AD progression is one of the recent innovations in the field of neurodegenerative diseases[@bib5], [@bib6]. Multiple probiotics (*Lactobacillus acidophilus, Bifidobacterium bifidum,* and *Bifidobacterium longum*) and selenium combination or probiotic mixture (*L. acidophilus, Lactobacillus casei, B. bifidum,* and *Lactobacillus fermentum*) improved mini-mental state examination (MMSE) score and some metabolic profiles in AD patients[@bib7], [@bib8]. A mixture of probiotics (*L. acidophilus, L. fermentum, Bifidobacterium lactis,* and *B. longum*) has shown modulating gut microbiota and improving memory deficits and oxidative stress in *β*-amyloid ~(1--42)~ injected rats[@bib9]. Although these data display the potential disease-modifying effects of probiotics on AD, the mechanism remains unclear.

Based on the bidirectional communication between the gut microbiota and the brain, the concept of the microbiota--gut--brain axis was proposed[@bib10]. There are three recognized mechanisms of microbiota--gut--brain axis: modification of autonomic/sensorimotor connections, immune activation (such as inflammatory response), and neuroendocrine pathway regulation[@bib10], [@bib11], [@bib12]. Various lines of evidence suggest that aging-induced changes in gut microbiota composition might lead to inflammaging (a chronic low-grade inflammation), a risk factor linked to cognitive decline in the elderly[@bib13], [@bib14], [@bib15], [@bib16], [@bib17]. Studies have shown that gut microbiota dysbiosis is often accompanied with gut-leak, increased plasma lipopolysaccharide (LPS) content and blood--brain barrier (BBB) breakdown[@bib18], [@bib19]. LPS is a well-known ligand for toll-like receptor 4 (TLR4), and can induce inflammatory responses through activation of TLR4/nuclear factor-*κ*B (NF-*κ*B) signaling pathway[@bib20], [@bib21]. These studies imply that the influence of aging-related gut microbiota dysbiosis on cognitive function is possibly associated with LPS-activated TLR4/NF-*κ*B pathway and neuroinflammatory responses in the brain. In addition, it was reported that *Listeria monocytogenes* increased the level of retinoic-acid-inducible gene-I (RIG-I)[@bib22], an important viral RNA recognition molecule, and induced NF-*κ*B pathway activation and subsequent inflammatory responses. The data suggests that RIG-I-induced NF-*κ*B pathway activation is also possibly in correlation with microbiota community. Taken together, accumulating evidence suggests that both TLR4-and RIG-I-mediated NF-*κ*B pathway activation is involved in the gut microbiota dysbiosis associated inflammaging and cognitive impairments in aging. However, to our best knowledge, the potential role of TLR4-and RIG-I-mediated NF-*κ*B pathway activation in the pathogenesis of aging-related cognitive decline and the neuroprotective mechanism of probiotics have not been reported yet.

The present study investigated the effects of probiotics on the deficits of the microbiota--gut--brain axis and cognitive function in MCI and explored the underlying mechanism. Senescence-accelerated mouse prone 8 (SAMP8) is an excellent model of memory deficits and a suitable animal model for MCI associated research[@bib23]. Notably, studies have shown that multiplexes probiotics (*i*.*e*., combining different strains of specific genera) can be more effective than a single-strain probiotic in the treatment of certain clinical conditions, such as irritable bowel syndrome, ulcerative colitis, and atopic dermatitis[@bib24], [@bib25]. In addition, multiple probiotics are normally applied in AD research and clinical practice[@bib7], [@bib8], [@bib9]. Based on the clinical effect of probiotics on cognitive dysfunction and the doses of probiotics administrated to mice in literature review[@bib26], [@bib27], we considered ProBiotic-4 (a mixture of *B. lactis*, *L. casei*, *B. bifidum*, and *L. acidophilus*) at a dose of 2 × 10^9^ colony-forming units (CFU) per day as the intervention of choice for SAMP8 mice. In the present study, ProBiotic-4 was orally administered to 9-month-old SAMP8 mice for 12 weeks. Our results unearthed that ProBiotic-4 was able to significantly attenuate deficits of microbiota--gut--brain axis and cognitive function in aged SAMP8 mice, and its mechanism was associated with inhibition of both TLR4-and RIG-I-mediated NF-*κ*B signaling pathway and inflammatory responses.

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

ProBiotic-4, a probiotic preparation composed of *B. lactis* (50%)*, L. casei* (25%)*, B. bifidum* (12.5%), and *L. acidophilus* (12.5%), were purchased from Swanson (Fargo, ND, USA). The other reagents were of the highest quality available and obtained from commercial sources.

2.2. Animal treatment {#sec2.2}
---------------------

All of the animal studies were conducted in accordance with the Regulations of Experimental Animal Administration issued by the State Committee of Science and Technology of the People\'s Republic of China. The procedures were approved by the Animal Research Committee of West China School of Pharmacy (Chengdu, China). Male 9-month-old SAMP8 and SAMR1 mice were purchased from the First Teaching Hospital of Tianjin University of Traditional Chinese Medicine (Tianjin, China). The animals were housed at 22 ± 2 °C under a 12 h/12 h light/dark cycle with free access to food and water. SAMP8 mice were divided into two groups (*n* = 12/group) using the grading score system and Y-maze test before the experiment (Supporting Information [Fig. S1](#appsec1))[@bib28], and received vehicle (water) or ProBiotic-4 (2 × 10^9^ CFU) once daily for 12 weeks. The age-matched SAMR1 mice (*n* = 12) were used as normal controls and were similarly given vehicle.

2.3. Y-maze and passive avoidance tests {#sec2.3}
---------------------------------------

At 4, 8 and 12 weeks of ProBiotic-4 treatment, the Y-maze alternation test was performed to assess short-term working memory in mice. Twenty-four hours after the last Y-maze alternation test, the passive avoidance test was performed to assess long-term working memory. Detailed procedures for these tests were described previously[@bib29].

2.4. Tissue and blood collection {#sec2.4}
--------------------------------

After neurobehavioral evaluation, mouse plasma samples were collected for further analysis. The mice were perfused with cold normal saline *via* the ascending aorta, and the brains were removed. The left hemisphere was frozen in liquid nitrogen and used for transmission electron microscopy (TEM), microbiota analysis, Western blotting, and biochemical analyses. The right hemisphere was placed in 4% paraformaldehyde, dehydrated in 15% and 30% sucrose solutions and then frozen for 20-μm-thick sections. The intestine was collected, frozen in liquid nitrogen, and stored at −80 °C for further analyses.

2.5. Nissl staining {#sec2.5}
-------------------

Nissl staining was used to detect neuronal injury as reported previously[@bib30]. The number of neurons in per field of cerebral cortex and hippocampal CA1 was digitized (400 × magnification) using Image Pro Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA).

2.6. TEM {#sec2.6}
--------

Fresh brain tissues were taken from the left cortex, cut into about 1-mm[@bib3] cubes, and fixed in 2.5% glutaraldehyde for 24 h. The samples were fixed in 1% osmium tetroxide for 2 h, dehydrated in graded acetone, and embedded in araldite. Sections were cut at 50 nm and stained with uranyl acetate and lead citrate. The ultrastructures of the BBB were observed under an H-600IV transmission electron microscope (Hitachi, Tokyo, Japan).

2.7. Microbiota analysis {#sec2.7}
------------------------

Fresh feces samples were collected after the behavioral tests. Brain tissues and feces were used for 16S rRNA gene analysis of microbiota profiling with barcoded amplicons from the V3--V4 region. Illumina MiSeq sequencing was conducted at Novogene Co., Ltd. (Beijing, China). 16S rRNA data analysis was performed using the QIIME data analysis package (the Caporaso and Knight Labs, at Northern Arizona University and University of Colorado, respectively).

2.8. Immunofluorescence analysis {#sec2.8}
--------------------------------

The expression of ionized calcium binding adapter molecule 1 (Iba-1) and glial fibrillary acidic protein (GFAP) was detected as described previously[@bib31]. The selected brain sections were incubated with respective primary antibodies (Supporting Information [Table S1](#appsec1)) at 4 °C overnight, followed by detection with a secondary antibody conjugated with fluorescein isothiocyanate (Boster, Wuhan, Hubei, China). The area or the number of immunoreactivity in per field of cerebral cortex or hippocampal CA1 was digitized (400 × magnification) using Image Pro Plus 6.0 software.

2.9. Histology {#sec2.9}
--------------

Sections of the ileum were collected and fixed in 10% neutral buffered formalin. Tissues were embedded in paraffin, and 5 μm sections were cut and placed on glass slides. The slides were stained with hematoxylin and eosin (HE). Digital images were acquired at 100 × magnification by using Eclipse NI-U upright microscope (Nikon, Tokyo, Japan).

2.10. Immunohistochemistry {#sec2.10}
--------------------------

Immunohistochemistry (IHC) was performed to analyze ileum tight junction protein expression and distribution in the mice. Primary antibodies against claudin-1, occludin, and zona occluden-1 (ZO-1) were probed with target proteins, respectively. Quantification of the positive area was performed (200 × magnification) using Image Pro Plus 6.0 software.

2.11. Quantitative real-time polymerase chain reaction {#sec2.11}
------------------------------------------------------

Tissue RNA was isolated from the left hemisphere of the brain and intestine using TRIzol reagent (Thermo Fisher Scientific, Shanghai, China) and processed for cDNA. Quantitative real-time polymerase chain reaction (qPCR) was performed according to our previously published methods[@bib30]. The sequences of the primers and probes for each gene are listed in Supporting Information [Table S2](#appsec1).

2.12. Enzyme-linked immunosorbent assay {#sec2.12}
---------------------------------------

Brain 8-hydroxydesoxyguanosine (8-OHdG) levels were measured using the 8-OHdG Assay Kit (Jiancheng Bioengineering, Nanjing, China). Plasma levels of tumor necrosis factor-*α* (TNF-*α*) and interleukin-6 (IL-6) were determined using the mouse enzyme-linked immunosorbent assay (ELISA) kits (Dakewe Bioengineering, Shenzhen, China). LPS levels in brain and plasma were measured using the High Sensitive ELISA Kit (Cloud-Clone Corp, Wuhan, China).

2.13. Western blotting analysis {#sec2.13}
-------------------------------

Protein samples were isolated from left brain tissue homogenates using RIPA buffer (Beyotime, Shanghai, China) according to the manufacturer\'s instructions. The detailed procedure of Western blotting analysis was described previously[@bib31]. Primary antibodies against synaptophysin (SYN), *γ*-H2AX, *β*-actin, TLR4, RIG-I, NF-*κ*B P65, lamin B, claudin-5, occludin, ZO-1 and vascular endothelial-cadherin (VE-cadherin) were probed with target proteins, respectively. All antibodies and dilutions are listed in [Table S1](#appsec1).

2.14. Statistical analysis {#sec2.14}
--------------------------

The data were analyzed using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). The data are expressed as mean ± standard error of mean (SEM). One-way analysis of variance (ANOVA) followed by the Tukey *post hoc* test was used for the statistical analysis. Correlations were performed by one-tailed Spearman\'s analysis with 95% confidence intervals. Values of *P* \< 0.05 were considered statistically significant.

3. Results {#sec3}
==========

3.1. ProBiotic-4 improved memory deficits and neuronal injury in aged SAMP8 mice {#sec3.1}
--------------------------------------------------------------------------------

The Y-maze test was applied to evaluate the effects of ProBiotic-4 on memory function in aged SAMP8 mice. As shown in [Fig. 1](#fig1){ref-type="fig"}A, alternation significantly decreased in vehicle-treated SAMP8 group compared with vehicle-treated SAMR1 group throughout the entire process (*P* \< 0.01). At 4 weeks of ProBiotic-4 treatment, no significant differences were found in alternation between the two SAMP8 groups. In contrast, alternation significantly increased in probiotic-treated SAMP8 group compared with vehicle-treated SAMP8 group at 8 weeks (*P* \< 0.01), suggesting that ProBiotic-4 significantly improved short-term working memory in SAMP8 mice starting from 8 weeks. Also, alternation significantly increased in probiotic-treated SAMP8 group compared with vehicle-treated SAMP8 group at 12 weeks (*P* \< 0.01), suggesting that ProBiotic-4 could effectively improve short-term working memory. Therefore, the passive avoidance test was performed afterwards. As shown in [Fig. 1](#fig1){ref-type="fig"}B, step-down latency significantly decreased, and error times of step-down test significantly increased in vehicle-treated SAMP8 group compared with vehicle-treated SAMR1 group (*P* \< 0.01). Treatment with ProBiotic-4 significantly increased alternation and step-down latency and reduced the error times in aged SAMP8 mice compared with vehicle-treated SAMP8 group (*P* \< 0.05 or *P* \< 0.01). Meanwhile, the aging degree score, which is positively correlated with the degree of senescence, was lower in probiotic-treated SAMP8 mice than those in vehicle-treated SAMP8 mice (*P* \< 0.05; [Fig. S1A](#appsec1)).Figure 1ProBiotic-4 treatment improved memory deficits and neuronal injury in aged SAMP8 mice. (A) Alternation in the Y-maze test at 4, 8 and 12 weeks after ProBiotic-4 treatment. (B) Step-down latency and error times in the step-down passive avoidance test. (C) Representative photomicrographs and quantitative analysis of the number of neurons per field in the cerebral cortex and hippocampal CA1 areas, analyzed by Nissl staining and NeuN immunostaining. (D) Representative immunoblots and quantitative analysis of SYN expression in brain tissues. The level of SYN was normalized to *β*-actin. The results are expressed as the normalized optical density value relative to vehicle-treated SAMR1 group. The data are expressed as mean ± SEM (*n* = 10--12/group in A and B; *n* = 5--6/group in C and D). \**P* \< 0.05, \*\**P* \< 0.01 *versus* SAMP8 group treated with vehicle (one-way ANOVA followed by the Tukey *post hoc* test).Figure 1

Nissl staining and NeuN immunostaining showed that the number of neurons in the cerebral cortex and hippocampal CA1 areas significantly decreased in vehicle-treated SAMP8 mice compared with vehicle-treated SAMR1 mice (*P* \< 0.01). ProBiotic-4 significantly preserved neuronal survival in the cortex and hippocampal CA1 areas in aged SAMP8 mice compared with vehicle-treated SAMP8 mice (*P* \< 0.01; [Fig. 1](#fig1){ref-type="fig"}C). In addition, synaptic plasticity plays an important role in memory processes in the brain. Therefore, we evaluated the expression of SYN, a major synaptic vesicle protein, by Western blotting in brain tissues. As shown in [Fig. 1](#fig1){ref-type="fig"}D, SYN expression significantly reduced in vehicle-treated SAMP8 mice compared with age-matched SAMR1 mice (*P* \< 0.01), which was significantly rescued by ProBiotic-4 (*P* \< 0.05). Altogether, these findings suggested that ProBiotic-4 could improve memory deficits and neuronal injury in aged SAMP8 mice.

3.2. ProBiotic-4 modified microbiota composition in aged SAMP8 mice {#sec3.2}
-------------------------------------------------------------------

Probiotics are known to balance bacterial populations and have beneficial metabolic actions. We detected alterations of microbiota composition in both brain tissues and feces. The comparison of *α*-diversity indices (chao1 indes) revealed no significant differences in bacterial species between groups ([Fig. 2](#fig2){ref-type="fig"}A and B). We also assessed the dissimilarity of individual microbial communities (*β*-diversity). Non-metric multidimensional scaling (NMDS) showed a distinct clustering effect in probiotic-treated SAMP8 mice compared with vehicle-treated SAMP8 mice. NMDS also revealed a similar distinct clustering effect in vehicle-treated SAMP8 mice compared with vehicle-treated SAMR1 mice ([Fig. 2](#fig2){ref-type="fig"}C and D). To identify microbial community membership of the brain and feces in probiotic- and vehicle-treated mice, we performed taxonomic classification analysis of operational taxonomic units (OTUs) that were derived from the primary sequencing data, revealing alterations of microbial composition in the three groups ([Fig. 2](#fig2){ref-type="fig"}E and F). Dramatic alterations of the microbiota composition were observed. Both in the brain and feces, the phylum Firmicutes/Bacteroidetes (F/B) ratio significantly increased in vehicle-treated SAMP8 mice compared with vehicle-treated SAMR1 mice (*P* \< 0.05). Probiotic-treated SAMP8 mice had a significantly lower F/B ratio than vehicle-treated SAMP8 mice (*P* \< 0.05; [Fig. 2](#fig2){ref-type="fig"}G). Furthermore, Proteobacteria (phylum), *Pseudomonas* (genus) and *Lachnospiraceae_NK4A136_group* (genus) markedly decreased after ProBiotic-4 treatment in aged SAMP8 mice compared with vehicle-treated SAMP8 mice (*P* \< 0.05; [Fig. 2](#fig2){ref-type="fig"}H--J). Altogether, these data indicated that ProBiotic-4 might modify the microbiota composition both in the brain and intestine of aged SAMP8 mice.Figure 2ProBiotic-4 treatment modified brain and gut microbiota composition in aged SAMP8 mice. (A) and (B) *α*-Diversity of flora in the brain and feces. (C) and (D) *β*-Diversity of flora in the brain and feces. (E) and (F) Diversity of microbial composition based on quality-controlled OTU reads in the brain and feces. (G) F/B ratio. (H)--(J) Effects of ProBiotic-4 on *Proteobacteria*, *Pseudomonas* and *Lachnospiraceae_NK4A136_group.* The data are expressed as mean ± SEM (*n* = 5--6/group). \**P* \< 0.05, \*\**P* \< 0.01 *versus* SAMP8 group treated with vehicle (one-way ANOVA followed by the Tukey *post hoc* test).Figure 2

3.3. ProBiotic-4 significantly decreased intestinal barrier injury and inflammation in aged SAMP8 mice {#sec3.3}
------------------------------------------------------------------------------------------------------

The intestinal barrier dysfunction and subsequent inflammatory responses are implicated in the occurrence and development of cognitive impairment[@bib32], [@bib33], [@bib34]. We performed histological staining in the ileum. HE staining showed mucous layer atrophy, crypt loss, and villus fracture in vehicle-treated SAMP8 mice compared with vehicle-treated SAMR1 mice ([Fig. 3](#fig3){ref-type="fig"}A), indicating that aged SAMP8 mice had significant deficits in intestinal barrier integrity. ProBiotic-4 treatment mitigated the magnitude of histological injuries in the ileum. We further performed IHC to assess the expression of intestine tight junction proteins, a multi-protein complex crucial for maintaining the intestinal barrier. Significant decreases in protein expression levels of claudin-1, occludin, and ZO-1 were observed in vehicle-treated SAMP8 mice compared with age-matched SAMR1 mice (*P* \< 0.01). ProBiotic-4 significantly increased the expression of these proteins in the intestine in aged SAMP8 mice compared with vehicle-treated SAMP8 mice (*P* \< 0.01; [Fig. 3](#fig3){ref-type="fig"}A--D).Figure 3Effects of ProBiotic-4 treatment on intestinal tight junction proteins and inflammation in aged SAMP8 mice. (A) Representative photomicrographs of HE staining and immunostaining of intestine tight junction markers claudin-1, occludin, and ZO-1 in the intestine. (B)--(D) Quantitative image analysis of claudin-1, occludin, and ZO-1 protein expressions based on the integrated optical density (IOD). (E) PCR analysis of *Il-6* and *Tnf-α* mRNA levels in the intestine. The relative mRNA levels of *Il-6* and *Tnf-α* were normalized to *Gapdh*. The results are expressed as the normalized fold change relative to vehicle-treated SAMR1 group. (F) and (G) IL-6, TNF-*α* and LPS levels in Plasma were measured by ELISA. The data are expressed as mean ± SEM (*n* = 6--7/group). \**P* \< 0.05, \*\**P* \< 0.01 *versus* SAMP8 group treated with vehicle (one-way ANOVA followed by the Tukey *post hoc* test).Figure 3

It has been reported that age-related gut microbiota dysbiosis can trigger the inflammatory responses[@bib35]. Therefore, we examined the effects of ProBiotic-4 on inflammatory cytokine expression in the intestine and plasma in aged SAMP8 mice. We observed that both the intestinal mRNA levels and the plasma protein contents of proinflammatory cytokines (IL-6 and TNF-*α*) significantly decreased in probiotic-treated SAMP8 mice compared with vehicle-treated SAMP8 mice (*P* \< 0.05 or *P* \< 0.01; [Fig. 3](#fig3){ref-type="fig"}E and F). Meanwhile, plasma LPS levels significantly decreased in probiotic-treated SAMP8 mice compared with vehicle-treated SAMP8 mice (*P* \< 0.05; [Fig. 3](#fig3){ref-type="fig"}G). Collectively, these results indicated that oral ProBiotic-4 administration improved intestinal barrier injury and reduced inflammation in aged SAMP8 mice.

3.4. ProBiotic-4 significantly attenuated BBB injury, and inhibited neuroinflammation and TLR4/NF-κB signaling pathway in aged SAMP8 mice {#sec3.4}
-----------------------------------------------------------------------------------------------------------------------------------------

To evaluate the effects of ProBiotic-4 on BBB function, tight junction proteins and adherens junction protein was performed by Western blotting. As shown in [Fig. 4](#fig4){ref-type="fig"}A, the protein levels of occludin, claudin-5, ZO-1, and VE-cadherin significantly decreased in vehicle-treated SAMP8 mice compared with vehicle-treated SAMR1 mice (*P* \< 0.05 or *P* \< 0.01). Significant increase in the protein levels of occludin, claudin-5, ZO-1, and VE-cadherin was observed in probiotic-treated SAMP8 mice compared with vehicle-treated SAMP8 mice (*P* \< 0.05 or *P* \< 0.01). Moreover, the ultrastructures of BBB were confirmed by TEM. As shown in [Fig. 4](#fig4){ref-type="fig"}B, the endothelial cells were swollen and the basement membrane was incomplete in vehicle-treated SAMP8 mice. In contrast, the vascular endothelial cells and the basement membrane exhibited smooth and intact surfaces with clear layers in vehicle-treated SAMR1 mice and probiotic-treated SAMP8 mice.Figure 4ProBiotic-4 alleviated the BBB injury and inflammationin aged SAMP8 mice. (A) Representative immunoblots and quantitative analysis of ZO-1, VE-cadherin, occludin, and claudin-5 expressions in the brain tissues. The levels of ZO-1, VE-cadherin, occludin, and claudin-5 were normalized to *β*-actin. The results are expressed as the normalized optical density value relative to the vehicle-treated SAMR1 group. (B) TEM observation of ultrastructure of the BBB. (C) Representative photomicrographs of Iba-1-positive microglia and GFAP-positive astrocytes in the hippocampal CA1 area. (D) Quantitative photomicrograph analysis of the Iba-1- and GFAP-positive area in the hippocampal CA1 area. (E) LPS level in the brain was measured by ELISA. (F) Representative immunoblots and quantitative analysis of TLR4 expression in the brain tissues. The levels of TLR4 were normalized to *β*-actin. The results are expressed as the normalized optical density value relative to the vehicle-treated SAMR1 group. (G) Representative immunoblots and quantitative analysis of the NF-*κ*B nuclear translocation in the brain tissues. The levels of NF-*κ*B were normalized to lamin B. The results are expressed as the normalized optical density value relative to the vehicle-treated SAMR1 group. (H) PCR analysis of *Il-6* and *Tnf-α* mRNA levels in the brain. The relative mRNA levels of *Il-6* and *Tnf-α* were normalized to *Gapdh*. The results are expressed as the normalized fold change relative to vehicle-treated SAMR1 group. The data are expressed as mean ± SEM (*n* = 5--6/group). \**P* \< 0.05, \*\**P* \< 0.01 *versus* SAMP8 group treated with vehicle (one-way ANOVA followed by the Tukey *post hoc* test).Figure 4

To assess the effect of ProBiotic-4 on the activation of immune cells, GFAP and Iba-1, specific markers of astrocyte and microglia/macrophage activation, were detected. Vehicle-treated SAMP8 mice had markedly enhanced GFAP and Iba-1 immunoreactivity in the hippocampal CA1 area compared with vehicle-treated SAMR1 mice. Such immunoreactivity was decreased by ProBiotic-4 treatment ([Fig. 4](#fig4){ref-type="fig"}C and D). Importantly, brain LPS levels also significantly increased in vehicle-treated SAMP8 mice compared with vehicle-treated SAMR1 mice (*P* \< 0.05), which were effectively decreased by ProBiotic-4 treatment (*P* \< 0.05; [Fig. 4](#fig4){ref-type="fig"}E). This indicates that the gut-derived LPS may reach the brain through the BBB. Dysbiosis in the gut microbiota increases the production of LPS, which can activate the TLR4 signaling pathway[@bib36]. We next investigated the effect of ProBiotic-4 on the TLR4 pathway and production of downstream proinflammatory cytokines. ProBiotic-4 significantly decreased TLR4 protein levels and *Il-6* and *Tnf*-*α* mRNA levels compared with vehicle-treated SAMP8 mice (*P* \< 0.05), and significantly inhibited the nuclear translocation of NF-*κ*B P65 compared with vehicle-treated SAMP8 mice (*P* \< 0.05; [Fig. 4](#fig4){ref-type="fig"}F--H). These findings indicated that ProBiotic-4 treatment significantly improved BBB function and reduced neuroinflammation, and the mechanism might be associated with the TLR4/NF-*κ*B signaling pathway.

3.5. ProBiotic-4 reduced oxidative DNA damage and inhibited RIG-I activation in the brain in aged SAMP8 mice {#sec3.5}
------------------------------------------------------------------------------------------------------------

RIG-I is known as one of RIG-I-like receptors that plays a crucial role in the innate immune response to virus infection[@bib37]. Recent studies have demonstrated that bacterial LPS and age-related increase in oxidative DNA damage may act as potent positive regulators of RIG-I expression and multimerization, leading to NF-*κ*B signaling activation thereby enhancing inflammatory responses[@bib37], [@bib38], [@bib39]. Therefore, we examined the effects of ProBiotic-4 on oxidative DNA damage markers (*γ*-H2AX and 8-OHdG) and RIG-I activation. As shown in [Fig. 5](#fig5){ref-type="fig"}A, *γ*-H2AX expression significantly decreased in probiotic-treated SAMP8 mice compared with vehicle-treated SAMP8 mice (*P* \< 0.05). The levels of 8-OHdG also significantly decreased in probiotic-treated SAMP8 mice compared with vehicle-treated SAMP8 mice (*P* \< 0.05, [Fig. 5](#fig5){ref-type="fig"}B). Meanwhile, the levels of RIG-I expression significantly increased in the brain in vehicle-treated SAMP8 mice compared with vehicle-treated SAMR1 mice (*P* \< 0.05), and decreased in probiotic-treated SAMP8 mice compared with vehicle-treated SAMP8 mice (*P* \< 0.05; [Fig. 5](#fig5){ref-type="fig"}C). RIG multimerization obviously increased in the brain in vehicle-treated SAMP8 mice compared with vehicle-treated SAMR1 mice, and ProBiotics-4 improved it ([Fig. 5](#fig5){ref-type="fig"}D). The current results indicated that ProBiotic-4 might exert inhibitory effects on RIG-I-mediated neuroinflammation in aged SAMP8 mice.Figure 5ProBiotic-4 reduced oxidative DNA damage and inhibited RIG-I activation in the brain in aged SAMP8 mice. (A) Representative immunoblots and quantitative analysis of *γ*-H2AX expression in the brain tissues. The levels of *γ*-H2AX was normalized to *β*-actin. The results are expressed as the normalized optical density value relative to the vehicle-treated SAMR1 group. (B) The DNA oxidation product 8-OHdG level in the brain was measured by ELISA. (C) Representative immunoblots and quantitative analysis of RIG-I expression in the brain tissues. The levels of RIG-I was normalized to *β*-actin. The results are expressed as the normalized optical density value relative to vehicle-treated SAMR1 group. (D) Representative immunoblots of RIG-I multimerization in the brain tissues. The data are expressed as mean ± SEM (*n* = 5--6/group). \**P* \< 0.05, \*\**P* \< 0.01 *versus* SAMP8 group treated with vehicle (one-way ANOVA followed by the Tukey *post hoc* test).Figure 5

3.6. Correlation between the effects of ProBiotic-4 on TLR4-and RIG-I-mediated NF-*κ*B pathway and microbiota--gut--brain axis in aged SAMP8 mice {#sec3.6}
-------------------------------------------------------------------------------------------------------------------------------------------------

To investigate whether the effect of ProBiotic-4 on the microbiota*--*gut*--*brain axis imbalance in aging was implicated in the TLR4-and RIG-I-mediated NF-*κ*B signaling pathway, the correlation analysis was performed based on the experimental data of vehicle- and probiotic-treated SAMP8 mice. As shown in [Fig. 6](#fig6){ref-type="fig"}, the F/B ratio and community abundance of Proteobacteria in gut microbiota, and the error times in the passive avoidance test were positively correlated with the levels of RIG-I, TLR4, and NF-*κ*B p65 nuclear translocation in the brain, while the levels of claudin-1 in the intestine, the alternation in the Y-maze test, and the step-down latency in the passive avoidance test were negatively correlated with the levels of RIG-I, TLR4 and NF-*κ*B P65 nuclear translocation in the brain. Meanwhile, the levels of occludin and ZO-1 in the intestine were negatively correlated with the RIG-I levels in the brain. The correlation analysis indicates that the microbiota--gut--brain axis deficits may be linked to activation of TLR4-and RIG-I-mediated NF-*κ*B signaling pathway in the brain of aged SAMP8 mice and that ProBiotic-4 improved the deficits of the microbiota--gut--brain axis and cognitive function at least partly by inhibiting the TLR4-and RIG-I-mediated NF-*κ*B signaling pathway.Figure 6Correlation between TLR4-and RIG-I-mediated NF-*κ*B signaling pathway in the brain and microbiota--gut--brain axis imbalance. The red oval node represents the TLR4-and RIG-I-mediated NF-*κ*B signaling pathway in the brain, and the blue rectangular node represents gut microbiota. The orange rectangular node represents the intestinal barrier, and the purple rectangular node represents the cognitive function. The red edge represents the positive correlation, the black edge represents the negative correlation, and the gray dotted edge represents no correlation. The *r* represents Spearman\'s correlation coefficient. Data were collected from vehicle-treated and probiotic-treated SAMP8 mice (*n* = 5--6/group). One-tailed Spearman\'s analysis, confidence interval 95%.Figure 6

4. Discussion {#sec4}
=============

A large number of researches have demonstrated that neuroinflammation plays an essential role in the progression of aging-related cognitive deficits. So far, however, no effective agents are available for the prevention and treatment of the cognitive impairments in the elderly. Recent studies have drawn attention to the beneficial potentials of various probiotics on the microbiota--gut--brain axis imbalance and cognitive decline in aging[@bib7], [@bib8], [@bib9]. Results from different research groups have indicated a neuroprotective effect of some probiotics, such as *B. lactis*, *L. casei*, *B. bifidum*, and *L. acidophilus*, on aging-related cognitive dysfunction in clinic and preclinic studies[@bib7], [@bib8], [@bib9]. In the present study, therefore, we investigated the effects and underlying mechanism of ProBiotic-4, a probiotic preparation composed of *B. lactis*, *L. casei*, *B. bifidum*, and *L. acidophilus*, on the deficits of the microbiota--gut--brain axis and cognitive function in aged SMAP8 mice. We observed that oral administration of ProBiotic-4 for 12 weeks significantly improved the memory deficits, cerebral neuronal and synaptic injuries, glial activation, and modified the microbiota composition in the gut and brain in aged SAMP8 mice. Meanwhile, ProBiotic-4 treatment attenuated aging-related disruptions of the intestinal barrier and BBB, decreased *Il-6* and *Tnf-α* in the intestine and brain at mRNA levels, lowered LPS concentrations in the plasma and brain, reduced the levels of *γ*-H2AX, 8-OHdG, TLR4, RIG-I, and NF-*κ*B nuclear translocation in the brain. Furthermore, correlation analysis showed that the microbiota--gut--brain axis imbalance was linked to the TLR4-and RIG-I-mediated NF-*κ*B signaling pathway activation in aging. Interestingly, ProBiotic-4 treatment was able to modulate aging-related gut microbiota dysbiosis and improve the deficits of the microbiota--gut--brain axis and cognitive function. To our best knowledge, the current findings suggest for the first time that the inhibition of TLR4-and RIG-I-mediated NF-*κ*B signaling pathway contributes to the neuroprotective effect of probiotics (ProBiotic-4) against aging associated cognitive impairments.

SAMP8 is a widely used mouse model of aging and dementia[@bib40]. It has been reported that 9-month-old SAMP8 mice begin to develop early cognitive dysfunction and neuronal injury compared with age-matched SAMR1 mice[@bib41]. Moreover, our previous studies observed the increased oxidative stress and neuroinflammation in the brain of 10-month-old SAMP8 mice[@bib30], [@bib42]. Therefore, the 9-month-old SAMP8 and SMAR1 mice were orally administrated with ProBiotic-4 or vehicle for 12 weeks in this study, respectively. Consistent with previous reports[@bib29], [@bib42], the impaired memory ability was observed in vehicle-treated SAMP8 mice compared with age-matched SAMR1 mice. In addition, ProBiotic-4 treatment is able to significantly improve the cognitive performance of aged SAMP8 mice in the Y-maze and passive avoidance tests. Meanwhile, ProBiotic-4 obviously alleviated the neuropathological alterations, such as neuronal loss, synaptic injury and glial activation, and improved neuroinflammation and oxidative DNA damage in the brain of aged SAMP8 compared with vehicle-treated SAMP8 controls. These findings indicate that ProBiotic-4 may ameliorate aging-related memory impairment at least partly through inhibition of oxidative stress and neuroinflammation in the aging brain.

Emerging evidence suggests that the microbiota--gut--brain axis deficits are involved in the pathogenesis of aging-related cognitive decline[@bib43], [@bib44]. For example, bacteria have been recently identified in the brain of AD patients, suggesting that microbes are a possible contributing factor in AD-associated neuroinflammation[@bib45]. It has been shown that gut microbiota imbalance can induce intestinal inflammatory response and intestinal barrier damage, which facilitates the entrance of gut bacteria-derived pathogens and toxins (*e*.*g*., LPS) into the circulatory system, resulting in BBB destruction and neuroinflammation[@bib46], [@bib47], [@bib48]. Previous studies showed that gut dysbiosis, such as increased F/B ratio and distinctive expansion of potential pathogens (*e*.*g*., Proteobacteria or Lachnospiraceae), was highly associated with various inflammation-related diseases[@bib49], [@bib50], [@bib51]. To decipher the mechanism by which ProBiotic-4 improves MCI in aged SAMP8 mice, we first examined the effects of probiotic intervention on the gut and brain microbiota profiles by 16S rRNA gene analysis. We observed the disturbance of the gut and brain microbiota in vehicle-treated SAMP8 mice compared with SAMR1 controls. Consistent with previous reports[@bib49], [@bib52], we found elevated F/B ratio, increased relative abundance of Proteobacteria in aged SAMP8 mice. In addition, changes in other bacterial genera were also identified in our study. For instance, the relative abundance of *Pseudomonas* and *Lachnospiraceae_NK4A136_group* was increased in these mice. Intestingly, ProBiotic-4 treatment was able to significantly modulate gut microbiota dysbiosis in aged SAMP8 mice. Specifically, ProBiotic-4 dramatically reduced F/B ratio, lowered the relative abundance of Proteobacteria, *Pseudomonas* and *Lachnospiraceae_NK4A136_group* in the brains of aged SAMP8 mice. These findings suggest that ProBiotic-4 may reduce neuroinflammation by influencing microbes in the brain. Further studies are needed to investigate the potential impact of bacteria in the brain on cognitive performance. Taken together, these results suggest that the identified microbes may be involved in aging-related MCI pathogenesis.

Moreover, immunostaining and Western blotting analyses were applied to examine the effects of ProBiotic-4 on the intestinal barrier and BBB integrity in aged mice, respectively. Our results showed that the expression of tight junction proteins and adherens junction protein in the brain and that of tight junction proteins in the intestine were significantly decreased in vehicle-treated SAMP8 mice compared with SAMR1 controls. Importantly, ProBiotic-4 treatment significantly upregulated the expression of these tight junctions and adherens junction proteins in SAMP8 mice. Notably, transmission electron microscopy study showed a protective effect of ProBiotic-4 on the BBB ultrastructure injury such as basement membrane impairment. Furthermore, qPCR and ELISA assays were used to detect the inflammatory responses in the intestine and the systemic circulation in mice. Compared with SAMR1 group, both the cerebral mRNA levels and plasma protein contents of proinflammatory cytokines (IL-6 and TNF-*α*) were significantly increased in vehicle-treated SAMP8 mice, which could be effectively reduced by ProBiotic-4 intervention. These data suggest that the neuroprotective effect of ProBiotic-4 is possibly associated with its modulation on the microbiota--gut--brain axis deficits and inhibition of inflammaging in aged SAMP8 mice.

It is well known that bacterial pathogen-associated molecular patterns (PAMPs) activated pattern recognition receptor (PRR) signaling pathways play vital roles in innate host immunity against pathogenic microorganisms. LPS is a classical PAMP derived from Gram-negative bacteria, and may induce the activation of TLR4/NF-*κ*B signaling pathway and subsequent inflammatory response. To further explore the underlying molecular mechanism by which ProBiotic-4 protects cognitive deficits in aged SAMP8 mice, we investigated the effect of ProBiotic-4 on the TLR4/NF-*κ*B signaling pathway in SAMP8 mice. Compared to vehicle-treated SAMR1 mice, LPS contents in the plasma and brain and TLR4/NF-*κ*B pathway activation in the brain were significantly upregulated in vehicle-treated SAMP8 mice. Notably, ProBiotic-4 significantly inhibited TLR4/NF-*κ*B signaling pathway in SAMP8 mice. In addition, RIG-I is regarded as an important PRR, which activates NF-*κ*B activation and exerts antiviral and antibacterial innate immune responses by recognizing viral and bacterial RNAs and LPS[@bib36], [@bib39]. Given that oxidative stress is identified as a positive regulator of RIG-I activation[@bib38], we examined the effects of ProBiotic-4 on oxidative DNA damage and RIG-I activation. We found, for the first time, that ProBiotic-4 reduced the oxidative DNA damage and inhibited RIG-I expression and multimerization in aged SAMP8 mice. Collectively, these results suggest that the observed activation of TLR4-and RIG-I-mediated NF-*κ*B signaling pathway in the brain could be secondary to changes in the gut microbiota, and the neuroprotective effect of ProBiotic-4 is possibly associated with the inhibitory effect on TLR4-and RIG-I-mediated NF-*κ*B signaling pathway.

5. Conclusions {#sec5}
==============

In summary, the present study demonstrates for the first time that probiotics (ProBiotic-4) may modulate the gut microbiota dysbiosis and the microbiota--gut--brain axis deficits, resulting in improvement of the cognitive dysfunction in senile mice. Moreover, inhibition of TLR4-and RIG-I-mediated NF-*κ*B signaling pathway contributes to the neuroprotective effect of ProBiotic-4. These findings provide a novel gut microbiota-targeted therapeutic strategy for aging-related cognitive decline. Furthermore, the comparative studies of the neuroprotective efficacies of ProBiotic-4 multiplexes and the corresponding four single-strain probiotics against MCI should be performed in the future. This study will be helpful for the clarification of the relationship between specific probiotics and aging-related MCI. In addition, further experiments using loss-of-function studies (*e*.*g*., TLR4^−/−^) and/or pharmacological modulators (*e*.*g*., LPS) will provide insight into the mechanism of probiotics-based therapies.
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